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(57) ABSTRACT

A pressure sensor and method wherein a resonant pressure
transducer has a frequency F which changed depending on the
applied pressure P and the temperature T. A temperature
sensor measures the temperature 1. A memory includes
stored therein data points corresponding to the sensor’s ire-
quency F at difference applied pressures and temperatures. A
processor 1s configured to generate several polynomials from
the data points and calculate Pu at Tu when the transducer
frequency 1s Fu.
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1
SENSOR PROCESSING METHOD

FIELD OF THE INVENTION

This subject invention relates to sensors, 1n one example, a
pressure sensor.

BACKGROUND OF THE INVENTION

Sensors must be calibrated. In one example, a pressure
indicator includes a resonant pressure transducer whose fre-
quency changes depending upon the applied pressure. The
relationship between the sensor input (pressure) and the sen-
sor output (frequency changes) however, 1s not linear. More-
over, the resonant frequency also changes as a function of
temperature. Thus, the pressure indicator typically includes a
temperature sensor and both temperature and frequency sig-
nals are input to a microprocessor. Calibration and compen-
sation data 1s stored 1n amemory, (1.e., an EEPROM) linked to
the microprocessor.

During calibration, several known pressures are applied to
the sensor at several known temperatures. The microproces-
sor, programmed to apply various curve fitting techniques,

then calculates the calibration data and stores 1t in the memory
in the form:

P=§(ET) (1)

where F 1s the frequency, P is the pressure, and T 1s tempera-
ture. In one example,

P=ay+by-F+cog-F°+dy-F> +a;-T+b-F-T+
e\ F>-T+d -F° T+ay, T°+b, F-T> +¢,-F*.T? +

d - F> T +a, T +b3 - F- T +c3-F*-T° +ds - F°-T°

Here the coellicients a, . . . d;, are calculated from the cali-
bration data and are used to approximate the relation of F and
T to the output P. Linear approximation schemes such as least
square fit, or an exact {it from a prescribed number of data
points may be used.

When the sensor 1s used 1n the field, the microprocessor
notes the temperature and frequency of the transducer and
calculates the pressure readout based on equation (2).

For high accuracy use, this scheme has a number of limi-
tations.

First, the fit of the polynomial 1s dependent on the order of
the polynomial chosen. Higher order polynomials provide a
better fit but significantly 1increase the computational burden
which limits the speed and accuracy of calculations.

Second, high order polynomaials are notoriously 11l behaved
and exhibit oscillatory characteristics not fount in the original
data.

Third, the estimation at the boundaries of the original data
1s poor, with extreme divergence outside of the boundaries of
the original data.

Other methods such as Bezier curves and Hermite Splines
may also be used to overcome some of the unnatural behav-
iors of the polynomials. Such methods, however, involve
significant computational burden thus limiting their usetul-
ness in systems where computational power 1s limited.

Cubic splines techniques have also been used to fit data.
Such methods have the advantage that curvature 1s controlled
to avoid sharp transitions. However, such methods depend on
prior knowledge of curvature constraints and end point char-
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2

acteristics that are often unknown or too variable creating
errors 1n the resultant fit that do not appear 1n the measure-
ment data. Furthermore, the complexity of the calculation 1s
substantial.

In the prior art, the calculations 1involved require the use of
double precision tloating point operations to maintain calcu-
lation errors below 1 ppm. This alone almost quadruples the
computational load for a small microprocessor based system.

BRIEF SUMMARY OF THE INVENTION

The subject invention features anew processing method for
a pressure sensor. The pressure and temperature effects of a
sensor are corrected using calibration points and highly effi-
cient and accurate algorithms. The method allows rapid and
accurate determinations of the output of a sensor and avoids
the need for double precision tloating point calculations. The
method minimizes rounding errors, results in faster signal
processing, and results in lower power consumption. The
subject mvention further features a pressure sensor which
incorporates the method discussed above. Moreover, the
method can be employed with other types of sensors.

In one aspect, the subject invention features a method of
sensing pressure. The method comprises subjecting a pres-
sure sensor having an output P which varies based on the
sensor’s frequency F and the temperature T to several differ-
ent temperatures and applied pressures, determining the sen-
sor’s frequency F at the different temperatures and applied
pressures and collecting data points representing the same,
and, from the data points and at each different temperature,
generating several polynomials P=f(F) and T=f(F). The sen-
sor 1s then used to sense an unknown pressure Pu at a tem-
perature Tu at which the sensor has a frequency Fu. From the
generated polynomials, several polynomials that surround Tu
and Fu are selected. Those polynomials are evaluated for Fu
to calculated values for P=f(Fu) and T=f(Fu). From the cal-
culated values, a polynomial P=f(T) 1s generated and solved
for Tu 1n order to output Pu.

In one example, generating the polynomials includes
employing Newton’s method. The generated polynomials
may be stored or the data points can be stored and then the
polynomials are not generated until the surrounding data
points are selected. Solving Pu=f(T) may include using
Lagrange’s method.

The subject invention also features a pressure sensor com-
prising a resonant pressure transducer whose frequency F
changes depending on the applied pressure P and the tem-
perature T, a temperature sensor for measuring the tempera-
ture T, and a memory including stored therein data points
corresponding to the sensor’s frequency F at different applied
pressures and temperatures. A processor 1s configured to gen-
erate several polynomials P=F(F) and T=f(F) from the data
points and to calculate Pu at Tu when the transducer 1ire-
quency 1s Fu. From the generated polynomials, polynomials
that surround Fu and Tu are selected, the selected polynomi-
als are evaluated for Fu to calculated values for P=§(Fu) and
T=f(Fu), a polynomial P=f(T) is generated for the calculated
values and Pu=f(T) is solved for Tu. The processor then
outputs P

More generically, the subject invention features a method
of determining an unknown parameter 7 based on two mea-
sured parameters X and Y. The preferred method comprises
determining 7 at different values of X and Y and collecting
data points representing the same. From the data points, sev-
eral polynomials Z=f(X) and X=f(Y) are generated. An
unknown parameter Zu at Xu and Yu 1s determined. From the
generated polynomials, polynomials that surround Xy and Y
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are selected. The selected polynomials are evaluated forYpu to
calculated values for Z=f(Yun) and X=f(Yu). From the cal-
culated values, a polynomial X=§(X) 1s generated. Zu=§(X)
for Xu 1s solved and Zu 1s output.

A sensor system 1s accordance with the subject invention
features a sensor with a parameter Y that changes depending
on parameter 7 and parameter X. A device measures param-
cter X. A memory includes stored therein data points corre-
sponding to values of parameter Y at different values of Z and
Z.. A processor 1s configured to general several polynomials
from the data points and calculated Zu at Xu when the sensor
measure Yu. Polynomuials that surround Yu and Xp are
selected and evaluated for Yu to calculated values for Z=§f
(Yun) and X=F(Y). A polynomial Z=§(X) is generated for the
calculated values, and Zu=§(X) is solved for Xu.

The subject mvention, however, in other embodiments,
need not achieve all these objectives and the claims hereof
should not be limited to structures or methods capable of
achieving these objectives.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

Other objects, features and advantages will occur to those
skilled 1n the art from the following description of a preferred
embodiment and the accompanying drawings, 1n which:

FIG. 1 shows an example of calibration data points col-
lected 1n accordance with the subject invention;

FIG. 2 depicts how a polynomial 1s calculated 1n accor-
dance with the subject imnvention;

FIG. 3 shows how s1x points create three cubic polynomials
from four adjacent data points 1n accordance with the subject
imnvention;

FIG. 4 shows how the most accurate estimation 1s in the
region bounded by the two centermost points that created the
polynomial;

FIG. 5 shows how four surrounding sets provide four
valves of pressure and four valves of temperature 1n accor-
dance with the subject mnvention; and

FIG. 6 1s a highly schematic block diagram showing the
primary components associated with an example of a sensor
in accordance with the subject invention.

DETAILED DESCRIPTION OF THE INVENTION

Aside from the preferred embodiment or embodiments
disclosed below, this invention 1s capable of other embodi-
ments and of being practiced or being carried out in various
ways. Thus, 1t 1s to be understood that the invention 1s not
limited 1n its application to the details of construction and the
arrangements ol components set forth in the following
description or illustrated 1n the drawings. If only one embodi-
ment 1s described herein, the claims hereof are not to be
limited to that embodiment. Moreover, the claims hereof are
not to beread restrictively unless there 1s clear and convincing,
evidence manifesting a certain exclusion, restriction, or dis-
claimer.

The subject invention uses simple interpolating polyno-
mial Tunctions that represents the function accurately over a
narrow range in one dimension. The full range 1s achieved by
providing sets of such polynomials. Two dimensional inter-
polation 1s then realized by creating several sets of polyno-
mials which are then combined to form a unified representa-
tion of the data.

Typically, calibration data points are collected from mea-
surements taken to form grid of sensor characteristics 1n at
least two variables. In one example, this would be the mea-
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surement of sensor frequency F and sensor temperature T at
various applied pressures (P, ., and test temperatures
(T, zeq)- For example, this might be at 9 pressures and 5
temperatures yielding 45 data points as shown in FIG. 1.
There 1s no requirement for the grid to be either equally
spaced nor contain equal number ol points 1n each dimension.
Indeed, 1t may be pretferable to have a higher point density 1n
areas ol uncertainty.

Each of these points would have associated with them
precisely measured values of P, F and T. The measured values
of P and T may differ significantly from the applied values.

Various means are used to fit an interpolating polynomial
of order “n” to “n+1” data points. This solution 1s unique and
the function exactly passes thru the calibration data points.
For example, 4 points can be used to define the cubic poly-
nomial shown 1n FIG. 2.

For each row 1n the point grid or FIG. 1, there are a set of
points representing the function. Several “n”” order polyno-
mials can be fitted to adjacent data points. If the number of
points 1n the row 1s P, there will be p-n such polynomials.

Inthis example, each value of T .., will have 9 points (P,
F, T) allowing a set of six cubic polynomial P=f(F) to be
calculated tor each value ot T ;...

FIG. 3 shows how 6 points create 3 cubic polynomials from
4 adjacent points.

Since the polynomials overlap, they provide several esti-
mates of the function. The most accurate estimation 1s 1n the
region bounded by the two centermost points that created the
polynomial as shown 1n FIG. 4. Atthe extremes of data, where
no choice exists we use the nearest polynomial estimation can
be used.

With this selection, there 1s now a method to provide an
accurate estimation across the range bounded by the data
points. There will be one such estimate for every row 1n the
original data.

The process 1s then repeated for the second variable. In the
example, this would yield 6 polynomials T=f(F) for each
value ot T, ;;.;- The two polynomial sets above are created
for all rows. So 1n the present example, this would give 5 sets,
each containing 6 polynomials P=f(F) and 6 polynomials
T=f(F).

Calculation of these all polynomials (60 1n this example)
may present a severe challenge to both the computational
power and accuracy that can be achieved 1n a simple sensor
device. So, Newton’s method can be used to solve these
polynomials. This method accurately computes the Newto-
nian form of polynomial and can exploit the adjacent nature
of the points to use “Newton’s Triangle™ to substantial reduce
computational requirements and enhance accuracy.

The polynomials may be pre-calculated and held 1n
memory. Alternatively the defining data points alone may be
held in memory and polynomial calculation delayed until 1t 1s
needed. For the first method, there are two tables of 30 poly-
nomials related to the row/column order of the original data
points (1nstead of 9x5, there would be 6x5 1.e. 5 sets each
containing 6 polynomials.)

In the field where the pressure sensor 1s subjected to a
pressure P at a temperature Tu, the frequency of the trans-
ducer 1s Fu. To evaluate the function P at any point FuTu, the
polynomial sets that surround the point are selected. Selection
of these polynomials (or their defining points) 1s accom-
plished using a simple search of the data point table held in
memory. For the unknowns Tu and Fu, the table of polyno-
mials 1s searched to find the ones which surround the
unknown. In the example, four are needed for a cubic fit so
that 1s two on either side. For the second method, only the
original data 1s stored. So, instead of finding the four polyno-
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mials which surround Tu and Fu, all the points which define
those polynomials are located. This would be a collection of
16 points that surround Tu and Fu. A cubic function suits the
variability of P with T, so for any given point the four nearest
sets that surround that point are selected.

Each of these sets of polynomials can now be evaluated to
give P and T values for the given value of Fu using a substi-
tution in the pre-calculated Newtonian polynomials. Alterna-
tively a combined iterpolation and evaluation of the original
data points using Lagrange’s method can be employed. In this
case, 16 original data points would be chosen, to create four
polynomuals.

In our example, the four surrounding sets provide four

values of P and four values of T for the given value Fu as
shown 1n FIG. 5.

These four new points define a cubic polynomial function
P=Ff(T) which can then be evaluated at the given value of Tu
to provide final output P.

As only one evaluation 1s needed for the final polynomual,
it 1s advantageous to use Lagrange’s method to combine both
interpolation and evaluation operations. This has lower com-
putational demands and higher accuracy than separately cre-
ating the polynomial and evaluating it.

As has been shown, Lagrange and Newton’s method can be
used to substantially reduce the computational power
required. Newton’s method allows a pre-calculation of all the
polynomials 1n an accurate and eflicient manner leaving only
the evaluation of m+1 of these polynomials and final interpo-
lation using Lagrange’s method.

Alternatively, to conserve memory, just the original data
points maybe be stored. Lagrange’s method can then be used
to combine both mterpolation and evaluation.

FIG. 6 shows pressure sensor 10 having an output P and
transducer 12 which generates a different frequency F when
subject to different pressures. Temperature sensor 14 mea-
sures the temperature 1. Processor 16 1s responsive to both F
and T and 1s configured (e.g.) programmed to operate accord-
ing to the method discussed above. EEPROM 18 (or some
other memory) stores the values of F and P at different tem-
peratures T as discussed above 1n reference to FIG. 1. Pro-
cessor 16 outputs (to a display, for example) Pu when trans-
ducer 12 1s subject to Pu at temperature Ty and exhibits a
frequency Fu. The above method has yielded accuracy of
better than 1 ppm using single precision floating point calcu-
lations.

But, the subject invention 1s not limited to pressure trans-
ducers and the method described above can be used with other
types of sensors. Generally, 1t 1s assumed that data has been
collected from test or calibration measurements. This data 1s
of the form (X.,Y,Z). For example, consider a test of a pressure
sensor across a range of different applied pressures and tem-
peratures. 7 1s the measured pressure, X 1s the temperature
sensor measurement and Y 1s the output of the sensor.

The following procedure will then accurately estimate the
value of Z for any given value of X=x and Y=y, using a two
dimensional polynomial function of order mxn.

In step one, the data points (X,Y,7) are arranged to repre-
sent a grid of Z values for two 1mput vaniables X and Y where
X and Y are in monotonic order. See FIG. 1. In step two, the
(m+1) by (n+1) point matrix that spans the (x, y) point to be
evaluated 1s selected. In step three, m+1 polynomials of order
n using n+1 points where Z=I(Y) are solved. In step four, m+1
polynomials of order n using n+1 points where X=I(Y) are
solved. In step five, the polynomials found 1n step four, are
evaluated for the input value of Y=y to give m+1 values for Z
and X. In step six, the polynomial of order m 1s solved using
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the m+1 data points for Z=f(X). Then, in step seven, 7 1s
evaluated using the polynomial from step six for the input
value of X=x.

Selecting the point matrix may be accomplished using a
search of the data values. This search maybe optimized for
eificiency using established methods.

Steps three and four, solving the Z=f(Y) and X=f(Y) poly-
nomials, may be optimized by pre-calculating the polynomi-
als using the Newtonian form to preserve accuracy and cal-
culation efficiency. Alternatively, these steps and the
evaluation step may be combined using Lagrange’s interpo-
lation to reduce memory requirements and still maintains
accuracy. The last two steps are preferably combined using
Lagrange’s interpolation and evaluation.

The subject mnvention can be employed 1n a wide variety of
sensor and control applications. For example, 1n engine con-
trol, 1t 1S common to take two measurements to derive a third
parameter. For example, RPM and manifold pressure can be
used to determine 1gnition timing. The method of this mven-
tion can be used 1n such an application and the original data
might be based on experimental or modeled conditions and
the output would not typically be an indicator but instead part
of the overall system control function.

Thus, although specific features of the invention are shown
in some drawings and not 1n others, this 1s for convenience
only as each feature may be combined with any or all of the
other features 1n accordance with the mvention. The words
“including”, “comprising”, “having”, and “with” as used
herein are to be interpreted broadly and comprehensively and
are not limited to any physical interconnection. Moreover,
any embodiments disclosed 1n the subject application are not
to be taken as the only possible embodiments. Other embodi-
ments will occur to those skilled 1n the art and are within the
following claims.

In addition, any amendment presented during the prosecu-
tion of the patent application for this patent 1s not a disclaimer
of any claim element presented in the application as filed:
those skilled 1n the art cannot reasonably be expected to draft
a claim that would literally encompass all possible equiva-
lents, many equivalents will be unforeseeable at the time of
the amendment and are beyond a fair interpretation of what 1s
to be surrendered (1f anything), the rationale underlying the
amendment may bear no more than a tangential relation to
many equivalents, and/or there are many other reasons the
applicant can not be expected to describe certain insubstantial
substitutes for any claim element amended.

What 1s claimed 1s:

1. A method of sensing pressure with a pressure sensor, the
method comprising:
subjecting the pressure sensor having on output P which
varies based on the sensor’s frequency F and the tem-
perature T to several different temperatures and applied
pressures;

determining the pressure sensor’s frequency F at the dif-
ferent temperatures and applied pressures and collecting
data points representing the same;

from the data points and at each different temperature,
generating several polynomials P=§(F) and T=7/(F);

using the pressure sensor to sense an unknown pressure Pu
at a temperature Tu at which the pressure sensor has a
frequency Fu;

selecting, from the generated polynomials, polynomials
that surround Tu and Fu;

evaluating the selected polynomials for Fu to calculate
values for P=f(Fu) and T=f(Fn);



US 7,783,448 B2

7
from the calculated values, generating a polynomial P=f
(T); and
solving Pu=f(T) for Tu and outputting Pu.
2. The method of claim 1 in which generating the polyno-
mials includes employing Newton’s method.

3. The method of claim 1 1n which the generated polyno-
mials are stored.

4. The method of claim 1 1n which the data points are stored
and the polynomuials are not generated until the surrounding
data points are selected.

5. The method of claim 1 in which solving Pu=§(T)
includes using Lagrange’s method.

6. A pressure sensor comprising;:

a resonant pressure transducer whose frequency F changes
depending on the applied pressure P and the temperature
1

a temperature sensor for measuring the temperature T;

a memory 1mncluding stored therein data points correspond-

ing to the sensor’s frequency F at different applied pres-
sures and temperatures; and a processor configured to:

generate several polynomials P=§/(F) and T=f(F) from
the data points,

calculate Pu at Tu when the transducer frequency 1s Fu
by:
selecting, {rom the generated polynomaials, polynomi-
als that surround Fu and T,

evaluating the selected polynomials for Fu to calcu-
late values for P=§(Fu) and T=f(Fun),

generating a polynomial P=f(T) for the calculated
values, and
solving Pu=F(T) for Tu, and output Pp.

7. A method of determining an unknown parameter Z based
on two parameters X and Y measured at least a first sensor, the
method comprising:

determining Z with a second sensor at different values of X

and Y and collecting data points representing the same;
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from the data points, generating several polynomials Z=§f
(X) and X=F(Y);

determining an unknown parameter Zu at Xy and Y,

selecting, from the generated polynomials, polynomials
that surround Xp and Yu;

evaluating the selected polynomials for Yu to calculate
values for Z=f(Yu) and X=F(Ypn);

from the calculated values, generating a polynomial 7Z=f
(X): and

solving Zu=f(X) for Xu and outputting 7.

8. The method of claim 7 1n which generating the polyno-
mials includes employing Newton’s method.

9. The method of claim 7 1n which the generated polyno-
mials are stored.

10. The method of claim 7 1n which the data points are
stored and the polynomaials are not generated until surround-
ing data points are selected.

11. The method of claim 7 in which solving Zu=F(X)
includes using Lagrange’s method.

12. A sensor system comprising:

a sensor with a parameter Y that changes depending on

parameter 7 and parameter X;
a device which measures parameter X;

a memory including stored therein data points correspond-

ing to values of parameter Y at different values of Z and
X: and
a processor configured to:
generate several polynomials Z=§(X) and X=F(Y) from
the data points,
calculate Zu at Xu when the sensor measures Yu by:
selecting, from the generated polynomials, polynomi-
als that surround Yu and Xy,
evaluating the selected polynomials for Yu to calcu-
late values for Z=F(Yu) and X=5(Yp),
generating a polynomial Z=f(X) for the calculated
values, and solving Zu=F(X) for Xu, and output Z.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 7,783,448 B2 Page 1 of 1
APPLICATION NO. : 12/130977

DATED . August 24, 2010

INVENTOR(S) . Hutchinson

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In Column 5, Line 63, delete “Z=J(Y)” and insert -- Z=f(Y) --, therefor.
In Column 5, Line 64, delete “X=J(Y)” and insert -- Z=£(Y) --, therefor.
In Column 6, Line 60, in Claim 1, delete “T=//(F);” and insert -- T=f(F); --, therefor.

In Column 7, Line 22, in Claim 6, delete “P=f/(F)” and insert -- P=f(F) --, therefor.

Signed and Sealed this
Eighth Day of March, 2011

......

David J. Kappos
Director of the United States Patent and Trademark Office
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